Bend loss from optical fibers can have positive applications, which need to be characterized and related to fiber curvature in a systematic approach to be useful. One potential application for optical fibers is a shape sensor for tracking flexible bodies in remote access environments, such as in endoscopy or boroscopy. We conducted a review of bend-loss characterization and evaluated several methods for characterizing bend loss in multimode optical fibers for an endoscopic shape-tracking application. Specifically, closed-form equation-based methods and numerical simulations were examined. Beam propagation method (BPM) simulations were determined to be the most applicable characterization tool. Results from simulations using BPM software were compared to experimentally obtained data. BPM simulation was sufficiently accurate for modeling 50 μm fibers but impractical for larger, multimode fibers.
Introduction

A. Background
The light loss experienced by optical fibers at a bend is well documented. This bend loss occurs when the radius of the curvature in the fiber causes light in the fiber core to strike the core-cladding boundary at an angle larger than the confinement angle [1] . Consequently, the velocity of the light at this interface approaches the speed of light in the cladding material and, thus, refracts into the cladding.
Traditionally, fiber optics designers have characterized bend loss in order to minimize the energy lost during bending. A reduced signal is normally undesirable, particularly in telecommunication fibers that carry large signals. However, bend loss could be beneficial when used to sense bending in a fiber. By quantifying bend loss of a fiber and relating it to its curvature, the shape of the fiber could be discerned. In this way, the fiber could be used as a shape tracker to aid visualization and navigation in remote access procedures, such as endoscopy or boroscopy [2] .
To take advantage of bend loss for sensing, the bend loss must be accurately modeled and related to fiber curvature. Many researchers adopt various methods for characterizing bend loss according to certain approximations, assumptions, and, sometimes, experimental results. For endoscopy applications where bend loss from an optical fiber can be used to track the shape of a flexible endoscope inside the human colon, it is desirable to select a characterization method appropriate to the system requirements. A review of bend-loss characterization methods was conducted. This paper summarizes the review and presents the results of an evaluation of promising candidates given the following evaluation criteria and fiber parameters of an endoscopic application. For other applications, the evaluation criteria should be modified accordingly and the methods reevaluated.
B. Fiber Parameters
Several factors were considered in the selection of fibers for an endoscopic shape-tracking application. First of all, to create a significant bend-loss signal that could be accurately correlated to bend radius, large, multimode fibers are preferred [3] . However, large fibers are stiff and may not be bent around small bending radii (approximately 12:5 mm), common in endoscopic applications. Therefore, relatively small fiber cores ranging from 200 to 400 μm were chosen. Secondly, fibers with small numerical apertures are desirable as they yield larger bend losses [3] . Thus, the selected fibers had silica cores with numerical apertures ranging from 0.12 to 0.37. These fiber parameters were used to limit the literature review to focus on modeling stepped index, multimode fibers.
C. Evaluation Criteria
To determine the relevance of a bend-loss characterization method, certain criteria were used. The accuracy of a model, defined by how closely the modeled results matched those obtained experimentally using the same parameters and boundary conditions as the model, was considered. The assumptions used in establishing a model were also considered. Two main categories of bend-loss characterization methods were evaluated: closed-form equation-based methods and numerical simulations.
Equation-Based Methods
Equations can provide closed-form, simplified models of light propagation in fibers to quantify bend loss based on fiber and bending parameters. However, to maintain their simplicity, equations often oversimplify bent fiber systems, generating inaccurate bend-loss approximations. Several well-established bend-loss equations were examined in depth to understand the underlying assumptions and approximations. The findings are presented in the following section.
A. Power Loss Coefficient Model Based on Leaky and Guided Modes
First, a closed-form equation-based method for quantifying bend loss through a power loss coefficient was considered. The formula applies to a high order mode in a step-index, multimode fiber [4] :
where n is the core refractive index, θ is the angle at which a ray intersects the guide axis, R is the bend radius, a is the core radius, θ c is the critical angle defined as
k is the wavenumber defined as
n c is the cladding refractive index, and λ is the free space wavelength. According to the model, one-half of all modes in a step-index fiber are lost during bending if R ¼ 2a=ðn − n c Þ [4] . Equation (1) is an extension of the field expansion of a waveguide that was carried out in terms of leaky and guided modes. It is based on the loss mechanisms of straight and bent fibers. In a straight fiber, the mode field in the cladding decreases with a distance r from the guide axis [4] . In a curved waveguide, the phase velocity of the wavefront around the outside of a bend increases with distance from the core until it equals the local velocity of light and radiates off, resulting in refraction of light out of the core.
This model uses an infinite cladding approximation, which produces artificially large bend losses as light reflection back into the core from the buffercladding or buffer-air interfaces is neglected. Losses based on infinite cladding have been shown to be as much as 45% larger than losses based on a finitecladding model [5] . Among other applications, Eq. (1) has been used to describe the behavior of fibers excited by Q-switched Er:YAG laser radiation for use in the medical industry [6] .
B. Total Power Loss Model: Extension of Power Loss Coefficient Model
Equation (1) has been expanded to model the proportion of optical power loss in a bent, step-index multimode fiber to optimize fiber optic beam delivery systems [3] . The expanded model uses a guided mode power formula defined by the mode propagation angle, θ, after propagating a distance, l, around a bend. To find the total proportion of power lost due to the bend, the power transmitted by each mode is integrated and subtracted from the total initial power in the fiber:
where
and P 0 ðθÞ is measured experimentally and depends on the properties of the fiber, input laser beam, and beam launching optics. Experimental bend-loss analyses have been performed, and the results were compared to those obtained with Eq. (4). The experiment used multimode step-index fibers with core diameters ranging from 200 to 1000 μm and employed a cladding mode stripper to simulate the infinite cladding assumption employed in Eq. (4). P r was examined as a function of core diameter, bend radius, and launch conditions [3] . Experimental results and those obtained using Eq. (4) and did not converge until bending radii were as large as about 30 mm. This divergence at small radii is based on matching the modes of the curved fiber to those in the straight fiber. Because bend radii as small as 12:5 mm are of interest for our application, these results are problematic. Results also produced evidence of mode coupling in bent fibers, though Eqs. (4) and (5) did not explicitly account for the effects of mode-coupling [3] .
To study the transmission of Q-switched Er:YAG laser radiation for the medical industry, experimental bend-loss results were compared against Eq. (4) [7] . Equation (4) was used to support the observed result that attenuation drops with decreasing core diameter.
The total power loss model was also used to support the redesign of a fiber optic respiratory plethysmograph sensor [8] . Equation (4) was used to obtain bend-loss predictions to compare against measured results taken from a redesigned sensor. Though good agreement was observed between theoretical results obtained using Eq. (4) and measured results from the redesigned sensor, discrepancies were observed for small bend radii.
C. External Field Model Based on Outgoing Waves
Another equation-based model quantifies bend loss in fibers by expressing the external fiber field as solutions to the Maxwell equations [9] . The solutions are superpositions of outgoing cylindrical waves, and the solution coefficients are found by matching the field expansion to the guided mode field of the straight fiber. The following is the curvature loss formula for this model:
where α is the amplitude-loss coefficient of the guided wave, β 0 is the propagation constant of the guided mode in the straight guide, and the following equations are true:
where ΔP is the power outflow per waveguide unit length, P is the straight waveguide power, n 1 and n 2 are the refractive indices of the core and cladding, respectively, and v is the order number of the modified Hankel function. Equation (6) provides a relatively simple model to express bend loss in fibers and was used as a starting point for further derivations for specific fiber types and geometries [3, 10] . Several assumptions were made in establishing the model, including the infinite cladding assumption. To solve for the expansion coefficients, the field expansion was matched to the straight fiber mode field, not the curved fiber mode field. The curved field shape differs from the straight fiber field as the curve forces the field toward the outer wall of the bend [9] . The problematic effect of this assumption has been recognized. For large values of R, the difference is negligible, but, for sharp curves, the field distortion has "considerable influence on the curvature loss" [9] . Furthermore, Eq. (6) is not specific to single or multimode fibers. Since the two types of fibers have different loss characteristics, it is uncertain if a general formula would provide accurate multimode fiber results.
The methods used to derive Eq. (6) were used to describe bend-loss extinction ratios in highly birefringent fibers to investigate a single-polarization operation [11] . The extension of Eq. (6) was used to show that, when a highly birefringent fiber is used as an in-line polarizer, the extinction ratio at the given wavelength can be tuned by varying the bend radius.
The external field model was used to model losses in single-mode optical fibers [12] . By comparing experimentally measured losses with those predicted by Eq. (6) and a transition loss model, the negligible effects of transition losses were observed. Other researchers confirmed this result [13] . However, Eq. (6) failed to predict observed power oscillations in the bending region. These oscillations were attributed to the coupling between the fundamental core mode and whispering gallery modes in the cladding.
D. Two-Dimensional Scalar Field Model
A 2D scalar field model that leads to explicit formulas for the fields near the core-cladding interface or within the radiating region was examined [14] . The model is based on the replacement of the bent fiber field with the unperturbed straight fiber field. The resulting model expresses the radiating field, ψðx; yÞ and is shown in Eq. (14):
x and y are the cross-sectional Cartesian coordinates of the fiber, v is a propagation constant, x c is located between the core radius, a, and the curvature axis, R, and Θ is defined through Airy function approximations as shown in [14] . This model has a validity range limited to large bend radii, and to distances close to the fiber (much less than the bending radius). Though this model was developed for infinite cladding, single-mode fibers, it can be extended to finitecladding, multimode fibers [14] .
E. Finite-Cladding Model
Equation (14) was expanded upon to include a finite cladding. The inclusion accounts for the wavelengthand bending radius-dependent loss oscillations that have been observed [10] . Previous models using the infinite cladding assumption predict smooth and exponential bend-loss-wavelength and bend-lossbending radius dependencies, which are inaccurate. In reality, oscillations arise in these relationships due to coupling between the core-propagating field and the portion of the radiated field reflected by the cladding-buffer interface [15] . A model was created that approximates the cladding-buffer interface as planar. As in Eq. (14), the field within the core is approximated by the unperturbed field of the straight fiber with infinite cladding [10] . The resulting bend loss of a finite-cladding single-mode fiber, 2α B , is shown in Eq. (16):
where γ is given by Eq. (11), β 0 is the unperturbed propagation constant of the fundamental mode of the straight fiber, k is the wavenumber, n 2 is the cladding refracting index, and V and κ are defined in Eqs. (8) and (9). Experimental results obtained using a single-mode fiber across varying bend radii show good agreement with Eq. (16). While Eq. (16) applies to only single-mode fibers, analogous derivations would lead to a simple loss formula for higher order modes [10] . Another model was created after researchers experienced limitations imposed by Eq. (16) [15] . The revised model, which was developed for application with unrestricted bend radii over varying wavelengths, uses the weak perturbation of the propagating field and planar cladding-buffer boundary assumptions used in Eq. (16) . The new model for bend loss, 2α, is presented in Eq. (17):
where β is the propagation constant, K 1 is the modified Bessel function, ζ is a conjugate variable of y in the Fourier transform Ai and Bi are Airy functions, and the functions x q and θðζÞ are defined explicitly in [15] . Equation (17) was compared against experimental results, and good agreement was exhibited between the two. Equation (16) was also compared against experimental results and showed an overestimation of bend loss.
Equation (17) exhibits certain limitations. Results are only valid for a minimum bending radius of 10 mm. Equation (17) is only valid for values of 2α ≪ 5 × 10 3 dB=m due to the limitations of the weak perturbation assumption. The fact that Eqs. (14) and (16) can be extended to applications with multimode fibers indicates that Eq. (17) could also be extended, as it uses many of the same assumptions.
Equation (17) is supported by results obtained using a vectorial full wave (VFW) model [16] . To create the VFW model, a fiber was divided into interior and exterior regions, separated by a boundary layer. The field solutions for the complex propagation coefficients for each region were obtained and interconnected by the reciprocity theorem. The model was compared to Eq. (17) and showed excellent agreement for bend radii greater than 4 mm. Equation (16) was also compared against the VFW results and exhibited an overestimation of bend loss. While this VFW model provided accurate results, it is not an effective design tool, as it took an unreasonably long time to perform the evaluation (several weeks) [16] .
Numerical Simulations
A. MATLAB Simulation
A MATLAB (The MathWorks, Natick, Massachusetts) simulation was developed to perform bend-loss numerical analysis on step-index, multimode fibers [5] . The simulation used a ray-tracing model to calculate the power transmitted by two forms of leaky modes: refracting and tunneling modes. Tunneling modes are neither bound nor refracting and lose a portion of ray power to the cladding at each reflection [17] . The model explored both finite and infinite cladding cases. In addition to the core rays, cladding rays were incorporated into the finite-cladding model, as these rays can reflect back into the core upon encountering the buffer-air interface [5] . The simulations began with parallel rays at an angle θ z to the fiber axis (where θ z < θ cc , and θ cc is complementary to the critical angle) at the beginning of the bent section of the fiber. Then, depending on if the rays refracted or tunneled, different power transmission coefficients were assigned to the rays. The power transmission coefficient equations for refracting (T r ) and tunneling (T t ) rays are [5] 
where θ i is the incident angle the ray makes with the tangent to the core-cladding interface, ρ is the core radius, and n 1 is the refractive index of the core. The results for the simulation were compared against experimental results. Experiments were performed using 1 mm, 0:75 mm, and 0:5 mm diameter bare plastic optical fibers with core indices of 1.492 and cladding indices of 1.402. Bend radii ranging from 5:1 mm to 20:0 mm were examined, and variations on the number of turns around each mandrel were also examined. Two sets of experiments were performed: one with finite cladding and one with oil surrounding the cladding to simulate infinite cladding. Both the experimental and simulation results confirmed the difference between the finite and infinite cladding models, as 45% greater bend loss was observed for the case of the cladding covered in oil as compared to the finite-cladding case. The difference between finite and infinite cladding became more significant for smaller bend radii; the difference was negligible for R greater than 15 mm [5] . The numerical and experimental results exhibited similar behavior, though the simulation results produced larger losses than the experimental results. This difference was attributed to the meridional rays used in the simulations, as meridional rays tend to be the most lossy type of rays.
Equation (18) was used as part of a system of equations for computing power loss in plastic optical fibers due to bending and elongation to maximize data transmission [18] . A finite element analysis was performed to determine the elongation experienced by fibers due to different bend radii. The elongation information was used in conjunction with the system of equations to solve for power losses as a function of bending and elongation. Results showed that smaller bend radii result in greater elongation and, therefore, greater core contraction. The core contraction reduces the incident angle, resulting in greater refraction and higher losses [18] .
The MATLAB simulation method was referenced when describing fiber optic sensing of the refractive index for biosensing applications The simulation results were used to show that cladding thickness affects the ability of a sensor to detect the refractive index of the surrounding medium. Specifically, the results show that, as cladding thickness increases, refractive index sensitivity increases until it reaches a maximum and then decreases [19] .
B. Method of Using Straight Segments to Approximate Curved Fibers
A bend-loss simulation for step-index multimode fibers approximates a curved fiber by dividing it into many small, straight fiber segments. The output power distribution of a segment is modeled using a power-flow equation [20] 
where Pðθ; zÞ is the power distribution per unit solid angle at the point z, θ is the angle of propagation relative to the fiber axis, V is the constant drift coefficient, and D is the diffusion coefficient, where
and dðθÞ is the coupling coefficient. Equation (20) is solved for individual segments using finite difference methods. The output power solution is then rotated by a small angle δΦ and launched into the next segment as the input power to account for the fiber curvature. The length of each segment is determined by the spacing between two successive reflections of the beam near the critical angle. The process of using the output field of one segment as the input field of the next segment is repeated until the output of the last segment is obtained. The validity of the segmentation method was shown using a straight fiber. A straight fiber was segmented, and the power in each segment was solved using the method described above. The results were compared to the power found in another straight fiber, which had been treated as one long segment. The two sets of results overlapped completely [20] .
The simulated results were compared against an explicit formula for bend loss, P R , based on the following equations:
where P 0 ðθ; zÞ is the input Gaussian power distribution, θ c is the critical angle, P i ðθ; zÞ is solved by the segmentation method, and P S and P B represent P i ðθ; zÞ for a straight fiber and bent fiber, respectively. The bend loss from Eq. (24) was plotted as a function of the bend radius, and the results reflected the expected decrease in bend loss with increasing radius. The power distributions resulting from the segmentation method were also plotted, and the expected result of a shift in distribution maxima towards the convex side of the bent fibers was observed. Using this segmentation method, certain welldocumented trends were observed. However, the model focuses on very large bend radii (greater than 0:5 m), which are about 50 times larger than the radii being considered. Furthermore, little evidence supports or confirms this method.
C. Beam Propagation Method Simulations
Beam propagation method (BPM) simulations are a commonly used tool for modeling light propagation in fibers. As an example, the bend loss in single-mode, optical ridge channel waveguides was characterized by comparing the BPM and analytic and experimental approaches [21] . BeamPROP [22] , a commercial (BPM) software, was used to conduct a bend-loss simulation. BeamPROP, similar to other BPM solvers, uses formulations of the solution to the Helmholtz equation in a time-harmonic case [22] :
where φ is the electric field with x, y, and z components; k 0 is the wavenumber in free space; and n is the refractive index distribution. The 2D implementation of the program was used to carry out the simulation, and an arc with a 20°included angle over a range of bend radii was modeled. The mode of the straight waveguide was launched into the arc. Bending loss in dB=degree of arc was computed directly from the program by decay of mode power.
To approach bend loss analytically, the external field model based on outgoing waves was expanded upon to create an equation for bend loss, L bend [23] ,
where θ is the included angle of the curved section and α bend is the attenuation coefficient from Eq. (6),
0 n e ð1 þ α y w=2Þðn 2 e2 − n 2 e1 Þg × expðα y wÞ × expð−2α 
n e is the effective index of the ribbed waveguide, n e1 and n e2 are the effective indices of the cladding and core regions, respectively, and w is the width of the core region. A formula for a radially dependent electric field profile was provided [21] :
where y is the radial distance from the fiber axis and ω 0 is the mode width found by fitting the following equation to the field profile of the waveguide,
where A is a constant. Experimental bend-loss tests were performed to verify the simulation and analytical results. The outscattering technique was used to measure the intensity of outscattered light from a fiber as a function of distance from the incoupling point [21] . Simulation, analytical, and experimental bend-loss results were compared. Good agreement was seen between simulation and analytical results given by Eq. (30) for bend radii larger than 2 mm. The simulation and analytical results exhibited similar behavior to the experimental results, though the experimental results exhibited greater losses. Cross-sectional field profiles were also compared among the three approaches. Good agreement was exhibited between the simulation and the experimental results. However, the analytical results obtained using Eq. (35) lacked the asymmetry displayed in the experimental and simulation results. It was acknowledged that a numerical simulation, such as BeamPROP, accurately models the field profile, while results obtained using Eq. (35) do not [21] .
One shortcoming of this simulation is that the analysis was conducted for single-mode fibers. Singlemode fibers differ from multimode fibers because single-mode fibers do not support high-order, lossy modes that can propagate in the cladding [1] . Though, qualitatively, the results are still similar to what is expected for a multimode step-index fiber because multimode fibers experience the same mode shift towards the outside of the curvature [9] . This model demonstrates that this particular analytical approach cannot accurately model the asymmetric field profile. Equation (30) was used to quantify bend loss for the design of high-quality factor racetrack resonators based on silicon-on-insulator rib waveguides [24] . Waveguide bend loss was evaluated using Eq. (30) and was compared to a BPM simulation performed using the same 20°arc and mode-launching approach used for the ribbed waveguide simulation [21] . Both analytic and BPM results showed that bending losses drastically decrease for radii larger than 300 μm, and bending radii as low as 150 μm were shown to be tolerable for resonator design.
A BPM simulation to examine bend loss was also used to create an optical pressure sensor that measures dynamic walking-induced ground reaction forces [25] . The sensor uses fiber optic bend loss to quantify sensor bending, which in turn quantifies the normal forces induced in the sensor through a force-bend radius relationship. The sensor is made of a mesh comprised of alternating layers of parallel multimode fiber optic waveguides sandwiched between acrylic boards. To characterize the bend loss experienced by a single sensor fiber, a BPM simulation was performed, and the results were compared to those obtained experimentally.
BeamPROP [22] was used for the simulations, and the resulting output intensity as a function of applied force for each loading case was noted. For comparison, experimental results were obtained using eight different fibers experiencing forces from 1 to 5N. A 650 nm wavelength LED was used as a light source, and photodetectors monitored the output light intensity. Plots showing output intensity as a function of applied force were generated for each fiber. The slope and trend of the simulation data agree well with the experimental data. However, the simulation output intensity curve is shifted down from the average of the experimental curves by about 2.5%, and, therefore, the simulated bend loss is higher than the experimental loss. This discrepancy (and discrepancies observed from fiber to fiber) are attributed to the difference in deflection location [25] .
D. Mode-Solving Simulations
To design a low bending loss fiber for a novel 180°b end fiber socket application, a mode-solving simulation was performed using Lumerical MODE Solutions [26] to calculate bend loss [27] . Modesolving simulations solve for the propagation constants, mode shapes, and relative modal excitations in multimode waveguides in response to a given input field [28] . Mode solvers assume waveguide sections remain unaltered in the propagation direction and may include either scalar or vector equation solvers. MODE Solutions uses a finite difference fully vectorial solver. Such a solver uses the Maxwell equations to derive the wave equation in the form shown in Eq. (37):
where ε r ðx; yÞ describes the relative dielectric constant over the waveguide cross section, k 2 0 ¼ ω 2 ε 0 μ 0 , and μ r is assumed to be unity over the entire waveguide cross section [28] . The finite difference solver divides the cross section into a rectangular grid of points over which the wave Eq. (37) is solved.
In the case of the analysis for the fiber socket application, bend loss was calculated for the fundamen- 
Literature Review Summary
Several equation-based and simulation-based methods were reviewed based on their relevancy to an endoscopic shape-tracking application. Table 1 shows a matrix comparing the different models. Among the equation-based methods, the finite-cladding model exhibited by Eq. (17) is the most accurate and relevant model, as it accounts for the reduced and oscillatory bend-loss effects of a finite cladding. However, while the literature suggests it can be applied to multimode fibers, such a computation-intensive model has not yet been developed. Among the general numerical simulation approaches, the MATLAB simulation approach is more relevant than the approach that uses straight segments to approximate a curved fiber. The MATLAB simulation incorporated bend radii of 5-20 mm, while the straight segments simulation used 500 mm bend radii. The effects of infinite versus finite cladding were examined, and the importance of using a finitecladding model was shown using MATLAB. Experimental results support the MATLAB simulation, while no experimental data support the straight segments simulation. However, losses simulated using MATLAB are larger than those observed experimentally, and the simulated launching conditions differed from the experimental ones, making direct comparison difficult.
Mode-solving and BPM simulations are commonly used in commercial software to study light propagation and bend loss. Mode-solving simulations based on the finite difference method have been shown to provide accurate results for multimode fibers [27, 28] , though such solvers exhibit limitations for largediameter fibers. For mode solvers, computational times scale more rapidly than BPM solvers in the transverse direction [29] . The example simulation performed for the fiber socket application used only a 4:15 μm diameter fiber, while the shape-tracking application requires 200-400 μm diameter fibers.
BPM simulations are the most widely used technique to study propagation [28] . They were used to examine bend loss in optical ridge channel waveguides and in fibers for a pressure sensor application. Though the application to ribbed fibers was based on single-mode fibers, the results are relevant for the shape-tracking application. A BPM simulation was shown to accurately capture the asymmetric field behavior of a bent fiber [21] . Though BeamPROP was used to model single-mode fibers for this application, the software has the capability to model multimode fibers. Indeed, BeamPROP was used to model multimode fibers for a pressure sensing application [25] . The output intensity plots obtained using Beam-PROP agree well with experimentally obtained plots and only exhibit about a 2.5% difference. BeamPROP is also compatible with small radii bending [21, 25] .
While the finite-cladding model has many strengths, including no restrictions on fiber diameter size and a closed-form solution, an extension of the model to multimode fibers is not readily available and would be computationally intensive. Conversely, BPM and mode-solving simulations are readily available and have been shown to be effective for modeling multimode fibers. In particular, BPM simulations seem to require less computation time as fiber diameter increases. Therefore, based on the literature review, a BPM simulation was recommended.
Experimental Verification
To verify the ability of a BPM simulation to accurately model bend loss in multimode fibers, a BPM simulation was conducted and compared against experimental data.
A. Experimental Data: 200 μm Core Fiber
Experimental data was obtained using a 200 μm core fiber with a 0:12 NA, extended straight and coupled to a 404 nm 50 mW CUBE laser diode system (Coherent, Incorporated, Santa Clara, California). The fiber power output was measured using a photodiode optical sensor (part S120C, Thorlabs, Newton, New Jersey). The fiber was then subjected to a 90°bend across a known bend radius, and its output power was again measured. The bent fiber output power was compared against the output power obtained for the straight fiber. This test was conducted across a series of different bend radii, ranging from 7:7 mm to 55:3 mm.
B. Beam Propagation Method Simulation: 200 μm Core Fiber
A BPM simulation was performed using the transparent boundary condition and the slowly varying approximation. A fiber was simulated with the following parameters: 0:5 m length, 200 μm core diameter, and a 0:12 NA. A simulated bend region was used in the middle of the fiber to match the experimental conditions. The bend radii used in the simulations ranged from 15:37 mm to 110:62 mm. A simulation with a straight fiber was also performed. The output powers of each of the different bent cases were compared to the straight fiber output. These ratios (bent output/straight output) are compared against the experimentally obtained ratios in Fig. 1 . Large discrepancies between experimental and simulation results are shown. The experimental results show a strong increase in output power and, therefore, a decrease in bend loss, as the bend radius increases. The simulation results are unchanged as a function of bend radius, and no bend loss is exhibited at any of the simulated bend radii.
Clearly, adjustments to the parameters in the simulation were needed. One modification to be made was the grid size, which determines the interval size over which calculations are performed. For the results shown in Fig. 1 , values of 1:0 μm, 1:0 μm, and 1:0 μm were used for the X and Y grid sizes and the Z-direction step size, respectively. They were reduced to 0:05 μm, 0:05 μm, and 0:08 μm for the X and Y grid sizes and the Z-direction step size, respectively, in the simulated bent region. In the straight regions, a coarser grid of 0:05 μm, 0:05 μm, and 0:8 μm was used for the X and Y grid sizes and the Z-direction step size, respectively. A new BPM simulation using these grid sizes was performed on a 25 mm length of fiber subjected to a bend with a bending radius of 7:685 mm [ Fig. 2 ]. This simulation took 24 days to complete and did not provide usable data, as the coarser straight sections induced unexpected behavior. Figure 3 shows the simulation results. The coarse Z grid in the last straightaway region, which began at about 20 mm in the Z direction, resulted in a sharp drop-off in power, which is unrealistic, as the drop-off in power would occur in the bent region, not in the straight region. No steady-state power value was reached at the end of the fiber. Therefore, it is impossible to say what the output power value was for this fiber. However, this finer grid simulation did show greater losses than those observed in the coarser grid cases.
C. BPM Simulation: 50 μm Core Fiber
Additional experiments and simulations were performed using a fiber with a 50 μm core (part FVP050055065, Polymicro Technologies, Phoenix, Arizona) to test the ability of the program to model smaller diameter fibers. The 50 μm fiber was modeled in the BPM software, and two simulations were Fig. 3 . Power monitors for the core region, core-cladding region, and core-cladding-buffer region for the fiber simulated using BPM software. Z represents the longitudinal direction of the fiber. Power was normalized against input power. performed at different bend radii: 12:5 mm and 16:66 mm. These bend radii represent the more extreme bends that can take place during an endoscopic procedure such as colonoscopy. The grid sizes used were 0:05 μm, 0:05 μm, and 0:08 μm in the X, Y, and Z directions, respectively. The ratios of the power output from the simulated bent fiber relative to the power output from a simulated straight fiber were obtained for the two different bend radii and are shown in Table 2 . For verification, experimental data were obtained using a 50 μm core fiber bent around 12:5 mm and 16:66 mm radii cylinders.
D. Experimental Data: 50 μm Core Fiber
To obtain accurate experimental data with the 50 μm fiber, a straight fiber output power reading was taken, followed by a bent fiber output power reading, and followed again by another straight fiber reading. The two straight fiber power readings were averaged, and a ratio of the bent power output to the averaged straight power output was obtained. Several trials were carried out at each bending radius for a particular fiber sample. Another fiber sample was used to obtain an additional set of data for each bending radius. Data from both samples were averaged, and a 95% confidence interval was calculated for the mean value of the ratio of bent to straight output power for each bend radius. Table 2 presents the experimental data and results obtained using the BPM simulation.
E. Arced Geometry Simulation
An additional study was performed to test the ability of the BPM software to monitor power in a specific region of interest. For the shape-tracking application, power at a specific location along the length of the fiber was of interest. Specifically, the power in an arced portion of the cladding at a specific distance in the Z direction was of interest. To monitor power in a specific region of the simulated fiber, the BPM software allows for shapes to be superimposed onto the cross section of the fiber. The power contained in the superimposed shapes can then be extracted and plotted. However, the geometry of these shapes is limited to rectangular or circular elements. Therefore, an arc shape was approximated, using tapered rectangular elements as shown in Fig. 4 . A power monitor was set up to sum the power Fig. 4 . Cross section of fiber geometry modeled in the BPM simulation software. Tapered rectangles were used to approximate an arced region in the cladding. Fig. 5 . Cross section of fiber modeled in the BPM simulation software. Tapered rectangles approximate the cladding region. Fig. 6 . Power monitors for the core region, core-cladding region, core-cladding-buffer region, and "core þ rectangles" region simulated using BPM software. The "core þ rectangles" monitor sums the power in the tapered rectangles and the core region.
across these elements. To verify the behavior of the rectangular elements, another simulation was performed. During this run, the entire cladding region of the fiber was filled with tapered rectangles, as shown in Fig. 5 . These rectangles were carefully tapered, so they did not overlap with each other. The BPM software did not allow the user to monitor only a ringed portion of the cross section geometry, as either solid rectangles or circles are required for power monitoring. Therefore, the cladding section by itself could not be selected. Instead, the solid circular region containing both the cladding region and the core region (the "core-cladding region") was selected. The power in the core was then subtracted, yielding the power specific to the cladding. If the tapered rectangles set up in the cladding region behaved as expected, the monitor capturing the sum of these rectangles added to the monitor for the core alone would have produced a value approximately equal to the "core-cladding region." However, as Fig. 6 shows, the expected result was not achieved. Instead, the "core þ rectangles" monitor (which includes the power from the core and the summed power from the tapered rectangular elements) had the same shape as the core monitor but was shifted to a higher power; it was not an approximated version of the "core-cladding" monitor (shorthand for the "core-cladding region") as expected. Furthermore, the "core þ rectangles" monitor exceeded a value of 1.0, which was the input power. This apparent error was confirmed to have been caused by a flaw in the software. Even though the tapered elements geometrically did not overlap, they still functioned as overlapping elements, resulting in skewed results.
Discussion
Though BPM is an effective tool for monitoring bend loss in optical fibers, restrictions on allowable fiber geometries limit the applicability of BPM simulations. A basic bend-loss run for a large diameter fiber, such as the 200 μm core fiber that we tested, cannot be accurately simulated using a 1 μm grid size. This result, which we have shown experimentally, is supported by other researchers. Increasing grid size has been linked to decreased accuracy [30] with possible errors [31] . Therefore, relatively small grid sizes must be used to achieve accurate results with BPM. Indeed, five grid points for the smallest feature were recommended by the BPM software developers. Running simulations with such small grid sizes requires a great amount of computational power; a 25 mm long fiber with a 200 μm core diameter takes more than 24 days to run. The parameters chosen for our application were not atypical. Therefore, it is possible that the limiting factor was the software product itself. Even after running a basic fiberbending BPM simulation for 24 days, a measure of output fiber power was not obtained. Because of the large amount of computational time required, a BPM simulation is an impractical tool for evaluating fibers with large cores (e.g., 200 μm).
However, when the appropriate grid size was used, BPM software could accurately simulate bend-loss behavior. The similarities between the experimental and BPM simulation results for the 50 μm fiber demonstrated the bend-loss modeling capabilities of the BPM software. The predicted ratio of bent to straight output power as calculated by BPM software was either within or just slightly outside of the confidence interval for the experimental power ratio. Furthermore, when using the required grid size to achieve accurate results, a 50 μm fiber BPM simulation took only two days to complete, which is a reasonable time frame for a simple simulation. Therefore, BPM software is an adequate tool for modeling bend loss in smaller fibers (e.g., 50 μm) but is impractical for modeling larger fibers (e.g., 200 μm) that are of interest for our endoscopic shape-tracking application.
In addition to imposing limitations on fiber size, BPM software also limits the type of power information that can be extracted from a simulation. For the shape-tracking application, the power in an arced region of the cladding was desired. However, after performing simulations to test the feasibility of monitoring the power in a ringed portion of the cross section geometry, it became apparent that the use of tapered rectangles to approximate that region was not adequate. Other researchers have also acknowledged the geometric limitations imposed by the BPM method [32, 33] , but have not associated it with the negative effects on power monitors.
Therefore, even though the software produced accurate results for a 50 μm fiber with simple geometric monitors, it was not a useful tool in the endoscopic shape-tracking application.
